From the time that Richard Keynes became a research student in 1946, until well after he retired in 1986, a main aim of his work was to get a better understanding of the machinery in nerve cells that was responsible for the changes in the fluxes of sodium and potassium ions that alan hodgkin and andrew huxley had shown give rise to 'action potentials'-the transient 'all-or-nothing' alterations in transmembrane voltage that are the sole constituent of messages transmitted along nerve fibres. in the later part of his life he also contributed significantly to our knowledge of charles darwin, his own great-grandfather.
i'm going to be like Uncle Vivian when i'm a man, only about animals. i'm an experiment kind of boy-that's the kind of boy i am. i want to know the difference between … (this is just as a random example) … the blood of animals and the blood of people.
'Uncle Vivian' was of course a. V. hill. The phrase in brackets was presumably added by Margaret as she tried to recall the conversation.
when he was eight, Richard went to The hall school, a preparatory school in hampstead, and at thirteen he moved to Oundle, where he remained until he was nearly nineteen. in some autobiographical notes he left with the Royal society, he says that in december 1937 he took the entrance scholarship exam to cambridge and that 'somewhat to everyone's surprise' he was awarded a Major scholarship in natural sciences at Trinity college. in the same notes he says that it never occurred to him to study anything except science, and that this was less due to his ancestral family background than to the strong influence of a. V. hill and his son Maurice, who was only a few months older than Richard.
at school his favourite subject was chemistry, and he particularly appreciated the Oundle system in which everyone had to spend one week of each term learning the elements of carpentry, of using a lathe, and of work in the metal workshop, the foundry or the forge-skills that he found useful later in life when 'improvisation to parts of our experimental apparatus was sometimes called for in the middle of the night'. he was also a competent clarinet player in the school orchestra.
in 1938, between leaving Oundle in the early summer and starting at cambridge in October, he spent three very happy months at the thirteenth-century cistercian abbaye de Pontigny, near auxerre in Burgundy, at an international summer school run by 'the venerable Philosophe M. Paul desjardins and entitled L'amitié enseignante de l'antibabel'. here about 30 university students from all over europe and the Usa had formal courses in French culture, and each had to prepare and present to the others a formal 'commemoration' of a Frenchman of their choice; Richard chose Lavoisier. They also explored the Burgundian countryside, drank the wine at the neighbouring village of chablis, and could hardly sleep at night because of the nightingales. 'it taught me to speak French', Richard wrote, 'and was an idyllic and very formative experience. ' in October, just after the Munich crisis, Richard came up to cambridge. although his primary interest was in the physical sciences, he followed the examples of david hill (a.V.'s elder son; FRs 1972) and of andrew (later sir andrew) huxley (FRs 1955) a few years earlier, and decided to study physiology as well as physics, chemistry and mathematics, for Part i of the natural sciences Tripos. he appreciated his first supervisions in physiology from alan (later sir alan) hodgkin (FRs 1948) , but claims that his only clear recollection of the Physiology first-year course was of a lecture in which edgar douglas adrian (later Lord adrian OM, Master of Trinity, President of the Royal society, chancellor of cambridge University, and winner of a nobel prize) demonstrated the existence of muscle action potentials by sticking a hypodermic electrode into his own arm-a procedure less heroic than it seems because of the absence of pain nerve fibres deep in the muscle.
in the summer of 1939 Richard and a Trinity colleague went to newfoundland for various natural history projects, getting back to the Usa just in time to hear about the German invasion of Poland. his brother Quentin met him in Boston and, after a week visiting friends in Maine, they travelled to new york to stay with their maternal grandmother's sister on Long island. Richard then sailed back to england on the U.s. Line's President Harding-with searchlights playing on two huge stars and stripes painted on her sides-arriving at southampton on 2 October.
By the time he got back to cambridge, a month had passed since Britain had declared war on Germany, and he was soon arranging with his Tutor to switch courses to become a medical student. But then, at lunch with his paternal grandparents, he was given contrary advice by his uncle Maynard Keynes, who had been talking to a. V. hill. in 1935, a.V. had joined Patrick (later Lord) Blackett FRs (PRs 1965-70) and henry (later sir henry) Tizard FRs on the committee responsible for the initiation of radar and for the early development of an effective air warning system. after the Munich crisis, in 1938, the government decided to establish a central register of persons with 'professional, scientific, technical, or higher administrative qualifications', for use in time of war. an advisory council of the central register was set up, itself advised by various committees, and a. V. hill was chairman of the committee concerned with scientific research. Maynard's advice, based on his conversations with a.V., was that Richard would probably be more immediately useful to the war effort as a physicist than, after some years of training, as a doctor. although Richard had only completed one year of the two-year Part i course, he was allowed to enlist immediately in the Physics Part ii class.
his worry, though, was that with such a compressed course he could well end up with a third-class degree, which would wreck his scientific career. he knew that his cousin Maurice hill, without a degree, was already usefully employed at the anti-submarine experimental establishment at Portland dockyard, and he felt that his own most sensible course would be to seek a post there straight away, leaving him free to take a degree in physiology after the war. The admiralty were happy with this, so, early in april 1940 he transferred his belongings (by canoe) from Trinity to his grandmother's house in newnham, bought an ancient Morris Minor and drove down to weymouth to work for the admiralty as a Temporary experimental Officer.
WaR WoRk and maRRIaGe, 1940-45 in weymouth Richard shared a flat with Maurice hill and two other colleagues, all working at hM anti-submarine experimental establishment at Portland dockyard. From July onwards, though, enemy bombing made Portland an unsuitable site, and by the end of the year the establishment had been moved to Fairlie, on the east bank of the Firth of clyde. Of his five years of war service, Richard spent most of the first half helping to improve the detection of submarines using asdic (also known as sonar) transmitters and detectors-devices that emit pulses of high-frequency sound into the water and detect the reflections from objects in the water. in the autumn of 1942 he was transferred to the admiralty signals establishment at witley, in surrey, where he was concerned with improving radar control of naval anti-aircraft guns. he found both topics worthwhile, but he had no doubt that his most important contribution to the war effort was not any technical advance but activities 'on the political front' by him and his colleague Roger west, an Oxford engineering graduate, activities that led to their transfer from Fairlie to witley.
in the second half of 1942 the monthly figures for the sinking of merchant ships by U-boats had grown ever higher, despite the heroic efforts of the naval escorts. But at a time when one would have expected every stop to be pulled out at Fairlie, virtually the entire staff continued to be acutely frustrated by the insistence of the director of the antisubmarine experimental establishment to keep every project under his personal control. sadly, although he had had an excellent research record earlier in his career, the director had now lost the confidence of the majority of his scientists. in august, Richard Keynes and Roger west, with considerable courage and what turned out to be sound judgement, decided to take some action-it being possible for them, as strictly temporary experimental Officers, to protest to the director of the scientific Research department at the admiralty in a manner that was clearly not open to the permanent members of his staff. They therefore composed a letter saying that the majority of the scientific staff at Fairlie had lost confidence in the administration of the establishment to an extent that made effective conduct of research impossible, and also tendering their own resignations. The letter was placed on the establishment director's desk with a request that it be sent to the admiralty-which, after some stormy arguments, it was.
Richard also sent a copy of the letter to Maurice hill, who was no longer at Portland but who, Richard knew, was on leave at home in highgate. he was confident that Maurice would show the letter to his father, and 'guessed that a.V. would proceed to take lunch at the athenaeum, where he could pass on the news to the Third sea Lord and controller of the navy, admiral wake-walker, who was ultimately responsible for the navy's ships and equipment.' Quite how a.V. handled the information we do not know, but within a week he wrote to Richard saying that he was very glad indeed that Richard and Roger west had 'taken the bull by the horns. you have done the right, patriotic and courageous thing.' Because a.V. was now a member of the war cabinet scientific advisory committee, that letter must have been comforting to Richard, who still had to face a number of aggressive cross-examinations, with reprimands and dressing-downs, and who, two weeks after the submission of the original letter, was asked by the admiralty to provide a detailed statement in support of the allegations that had been made-a task that involved four days of discussion with many senior members of the scientific staff. But the statement was effective, a new director was appointed, and Richard eventually realized that he had the approval of Patrick Blackett, director of Operational Research in the navy, and sir charles wright, who was soon to become the first chief of the Royal navy scientific service.
in late 1944 Richard was seconded for three months to the British admiralty delegation in washington dc, to discuss with the Us navy the possible introduction of a new 'identification Friend or Foe' system to replace an older system that had been in use for most of the war. with some difficulty he managed to get back in time for christmas, and more importantly in time to get married in January 1945.
his bride was anne Pinsent adrian, the elder daughter of edgar douglas adrian and hester agnes Pinsent. The Keynes and adrian families had known each other for a long time, through cambridge academic life and through the mutual involvements of Pinsents and darwins in the problems of mental health-anne's maternal grandmother was the first woman commissioner in Lunacy. what initiated a closer relationship between anne and Richard, though, was a common interest in music and in French literature-anne had recently graduated in French at Oxford. Just before Richard was to join the British admiralty delegation to washington, he was staying in his grandmother's house in newnham and invited anne to join him for a day's canoeing. anne came, armed with a picnic, but the weather was so bad that they simply sat in his grandmother's drawing room enjoying a view of the river; by the time anne left, she and Richard had got engaged. about a month after Richard's return from washington, they were married in Trinity college chapel.
after a brief honeymoon at Tilton house in sussex-lent to them by Maynard KeynesRichard returned to witley with anne, who travelled daily to London to continue her newly started civil service career in the Ministry of Production. This was the beginning of 65 years of happy married life that included the birth of four sons and seven grandchildren. Of the four sons, the first, a practising doctor, died aged 28; the second has combined a distinguished career in the civil service with later success in the 'darwin industry'; and the third and fourth are cambridge professors in, respectively, neuroscience and anglo-saxon.
Back to camBRIdGe and phySIoloGy world war ii ended in august 1945, and in september Richard asked the admiralty for a 'specially accelerated release' so that he could return to cambridge in time to take the Physiology Part ii course in the natural sciences Tripos. The release was granted, and he started the course at the beginning of the Michaelmas term. Because six years had elapsed since he had completed the first half of the Part i course, arrangements were made for him to have personal tuition from not one but three supervisors-alan hodgkin, F. J. w. (Jack) Roughton FRs and wilhelm Feldberg (FRs 1947). 'did any other would-be physiologist', Richard asked many years later, 'ever have such a splendid team of teachers?' By the end of the academic year he had graduated with a first class in Part ii Physiology, and had arranged to start research for a Phd with alan hodgkin as supervisor.
By 1946 it was clear that messages carried by nerves consist of a succession of all-ornothing 'action potentials', and that each action potential involves not, as had earlier been thought, the transient disappearance of the potential difference across the membrane of the resting nerve fibre, but a brief reversal of that potential difference-so that a resting potential difference of something like 90 mV with the inside negative relative to the outside, becomes transiently a potential difference of something like 40 mV with the inside positive relative to the outside. an attractive explanation of the reversal was that a sudden but transient increase in the permeability of the membrane to na + ions leads to a rapid but transient inward movement of these ions (down both concentration and electrical gradients). when the permeability of the membrane to na + ions is back to normal a net outward movement of K + ions would restore the original resting potential, and this would occur more quickly if there were a temporary increase in the permeability to K + ions. There was a great deal of indirect evidence supporting this hypothesis, but no one had done the crucial test of measuring the unidirectional fluxes of na + and K + ions in resting nerves and seeing how these fluxes changed during action potentials. Richard decided to make these measurements with the use of the short-lived radioactive isotopes 42 K and 24 na, isotopes whose chemical behaviour is indistinguishable from that of the normal 39 K and 23 na.
he made the radioactive isotopes by using an ancient cyclotron, resurrected in the cavendish Laboratory, to bombard sodium or potassium salts with deuterons. in his first communication to the Physiological society (1)*, he described experiments in which he dissected 30 μm axons from the legs of shore crabs imported from Plymouth, soaked them for a while in a 42 K-labelled Ringer's solution, and mounted a small bundle of them in a thin-bottomed chamber through which a stream of unlabelled Ringer's solution flowed. The thin-bottomed chamber was mounted above a Geiger counter so that he could measure changes in the radioactive content of the nerves. he found that stimulation of the nerves caused a marked increase in the rate of loss of potassium-an increase per impulse in good agreement with estimates obtained in the previous year by hodgkin & huxley (1947) using an indirect method. in the following year he measured unidirectional fluxes of both sodium and potassium ions in the 200 μm giant nerve fibres from cuttlefish, again obtaining results strongly supporting the suggested explanation of the action potentials (2, 5). in October 1948 his account of all this work led to his election to a Trinity Junior Research Fellowship-a reward not often given for two years' research.
in 1949, although flame photometry had been invented, no equipment was available commercially, and there was no satisfactory method of accurately determining the concentrations of sodium and potassium in biological specimens. Using radioactive tracers one could measure the rate constant for the loss of, say, 24 na from a nerve fibre, but if there were uncertainty about the sodium concentration in the fibre one could not translate that rate constant into a flux of sodium. Richard Keynes and an Oxford graduate, Peter Lewis, decided to solve this problem by what was known as 'activation analysis'. They irradiated dried 30 mm lengths of cuttlefish nerves, and also known amounts of sodium and potassium chlorides, with neutrons for a week at harwell. By comparing the emissions of beta particles and of gamma rays from the nerves, with the corresponding emissions from the standards, they could calculate the sodium and potassium contents of the nerves (4). Using this technique, they also compared the sodium and potassium concentrations in axoplasm extruded from stimulated and unstimulated squid giant axons (6) , and found that their results agreed well with earlier estimates of the net loss of potassium and net gain of sodium made by hodgkin & huxley (1947) and by hodgkin et al. (1949) . This experiment-which was done on the night of 13/14 september 1949 when it rained incessantly, and which involved working until 6 a.m. fetching in squid one by one from a tank outside the laboratory, and dissecting and processing the axons-was later described by Richard as one of the most fruitful of his scientific career.
* numbers in this form refer to the bibliography at the end of the text.
another uncertainty at that time concerned the state of potassium inside the nerve fibre. was it in free solution? working with alan hodgkin, Richard solved this problem by using a fine glass syringe to inject a precisely located column of a solution containing radioactive potassium into the nerve axon, and then observing the effect of passing a longitudinal electric current through the fluid in the axon. They found that the mobility of the radioactive potassium ions was normal; they behaved as if they were in free solution (3, 8) .
electRIc eelS In RIo de JaneIRo in the summer of 1951, Richard visited Professor carlos chagas in Rio de Janeiro, Brazil, as Visiting Reader in chagas's instituto de Biofisica, a world centre for research on electric eels, Electrophorus electricus. although the numbing discharge of electric eels had been studied since the early seventeenth century, and was recognized as electrical in the eighteenth, the way in which these discharges were generated was still hotly disputed. in 1949 it had been shown (Ling & Gerard 1949 ) that glass microelectrodes with 0.5 μm tips could be used to measure the electrical potential inside a muscle cell simply by pushing the tip transversely though the cell membrane, which seemed to form a seal round the tip; nastuk & hodgkin (1950) had shown that the same technique could be used with nerve fibres. Before leaving cambridge, Richard learnt how to draw out microelectrodes from glass capillaries with the aid of a Bunsen burner, and in two and a half months in Rio he and dr hiss Martins-Ferreira used such electrodes to show how the Electrophorus electric organ generates high-voltage shocks (7, 10) .
The electric organ consists of a very large number of flat 'electroplates', and Richard and his colleague worked with a portion of the organ in which the individual electroplates are better separated than in the main organ. This made it easier to place the electrodes precisely, so that it was possible to make recordings of the potential difference across each surface of the electroplate. The two surfaces differ: the one facing the head of the fish has many small folds, a low electrical resistance and no innervation; the one facing the tail has no folds and is innervated. They found that in the resting electric organ the potential difference across each face of the electroplate was about 80 mV with the inside negative relative to the outside, just as in a normal nerve or muscle fibre (figure 2a) and there was no net potential difference across the whole electroplate. when the electric organ was stimulated, the potential difference across the tail-facing, innervated face of each electroplate was reversed to nearly 70 mV with the inside positive relative to the outside; however, the potential difference across the head-facing, uninnervated face was scarcely altered (figure 2b). as a result, there was a potential difference of about 150 mV (that is, 80 mV + 70 mV) across the electroplate, lasting for something like 2 ms. Given the very large number of electroplates in the whole electric organ, shocks of a few hundred volts could be explained. The overall position could be summed up by saying: 'The electroplate is a specially adapted effector. it has the properties of a normal excitable membrane on one side, and has become inexcitable on the other. ' One consequence of this work was the realization that a puzzling controversy about the discharge mechanism in electric organs in different species was simply the result of real (although not obvious) differences between the way in which the electric organs work. For example, in the marine elasmobranch Torpedo (also known as the electric ray), the electric organs consist of piles of cells with innervated faces alternating with non-innervated faces, but the change in potential difference across the innervated face is not a sodium-dependent reversal: it is brought about by the release of a large amount of the chemical transmitter acetylcholine from the motor-nerve endings. This greatly decreases, but does not reverse, the transmembrane potential.
One problem that arises with all electric organs is that, to produce a strong shock, the discharges of all the electroplates must be synchronized. For most species it is reasonable to suggest that this synchronization might be achieved by appropriate staggering of the impulses sent out by the central nervous system, or by compensating delays at the level of the spinal cord. But in the electric catfish Malapterurus electricus, each half of the very extensive electric organ is innervated by branches of a single nerve fibre. yet there must be some way of ensuring that the electroplates at the two extremities of the electric organ fire at roughly the same moment, because the duration of the discharge of the whole fish is not much greater than that of the individual electroplates. Richard, collaborating with M. V. L. Bennett and h. Grundfest (15) some years later, gave an elegant demonstration of the existence of a peripheral synchronizing mechanism. They removed the electric organ from one side of the fish, and freed the motor nerve at both ends of the organ for a distance of about 1 cm so that electric shocks could be applied to it. if they now stimulated the nerve with a shock at the central end, 'the individual electroplates were evidently well synchronized since the duration of the response was little more than 2 msec.' But 'when the nerve was stimulated "antidromically" at its caudal end … the response was spread out in an irregular fashion over nearly 9 msec, because the compensating delays were now adding to the nerve conduction time instead of cancelling neatly against it.' They suspected that the variable delay was determined by the properties of the peculiar stalks that support each electroplate, but they were not able to examine the electrical properties of these stalks. after Richard finished the experiments in Rio in 1951 he made the first of many visits to meet physiologists in Peru, chile and argentina; he confessed that he became 'a passionate aficionado of south and central america' for the rest of his life. and his interest was not limited to science and scientists. he gradually acquired a fine collection of pre-columbian art, and it was a chance visit in Buenos aires that led him to see a collection of drawings and paintings made by conrad Martens on hMs Beagle. it was these drawings and paintings that kindled a special interest in his great-grandfather's voyage-an interest that would occupy much of his time during the last 40 years of his life.
FuRtheR expeRImentS on GIant axonS
Between 1952 and 1959 Richard and a variety of collaborators did many experiments on giant axons from squid or cuttlefish, usually in the Marine Biological association Laboratory at Plymouth. Only a few of these will be discussed here.
when a nerve fibre is stimulated it undergoes rapid changes of permeability that allow a rapid entry of sodium ions and a rapid exit of potassium ions, both movements being down concentration gradients. The effect of a train of impulses is therefore to increase the concentration of sodium and decrease the concentration of potassium in the axoplasm. There must, then, be a mechanism for reversing these changes, and this mechanism will require energy. in the early 1950s Richard and alan hodgkin, working with the giant fibres of cuttlefish or squid and using 24 na and 42 K, showed that the extrusion of sodium and the uptake of potassium were both inhibited by the metabolic inhibitors dinitrophenol or cyanide, or by cooling the nerve fibres to 1 °c (9, 11) . in contrast, the outward movement of potassium and the inward movement of sodium were not affected by the inhibitors or by cooling; nor did the inhibitors affect the resting potential or the action potentials. clearly there was a mechanism using metabolic energy to restore the sodium and potassium gradients after trains of action potentials, and this mechanism was separate from 'the channels'-the first use of the word in this context-that allow sodium and potassium ions to move passively through the membrane under the influence of electrochemical potential differences, and which are responsible for the resting and action potentials. There was also evidence suggesting that the extrusion of sodium and the uptake of potassium were coupled.
in 1957 Richard and Peter caldwell (13) used 22 na to show that in squid giant axons poisoned with cyanide the extrusion of sodium could be restored by injecting aTP or arginine phosphate-a compound that has the same role in squids as creatine phosphate has in vertebrates; that is, it phosphorylates adP to form aTP. By 1959, cardiac glycosides such as ouabain had been shown to inhibit the active transport of sodium and potassium in a variety of animal tissues, and Richard and Peter caldwell showed that ouabain inhibited the efflux of sodium from squid giant axons (14) .
But Richard was not interested only in active transport, or in the changes in permeability during action potentials. he was also interested in the passive ion fluxes in the resting nerve. One of the most remarkable results came from experiments, in the winter of 1953, in which he and alan hodgkin used cuttlefish axons poisoned with dinitrophenol to see how the potassium flux ratio was affected by changes in the membrane potential (which they varied with steady applied currents) and in the external potassium concentration (12). Because of the dinitrophenol there was no active transport, and because the axons were not being stimulated there were no action potentials. in this situation they expected the ratio of influx to efflux to follow the well-known equation derived by hans Ussing in 1949:
where E is the potential difference across the membrane (external potential minus internal potential), and E K is the equilibrium potential for potassium defined by the nernst equation what Richard and alan hodgkin found, however, were several indications that the Ussing assumption of independent movement of the ions did not hold. First, an increase in external potassium concentration at constant membrane potential decreased the potassium efflux. second, the potassium influx at constant membrane potential was not proportional to the external potassium concentration, but increased more steeply. Third, and most dramatically, the effect of the driving force (that is, E − E K ) was much greater than that predicted on the assumption of independent movement. For example, the ratio of influx to efflux changed 2400-fold as the electrochemical potential difference (E − E K ) was altered from −50 to +30 mV. The change predicted by assuming independence was only 24-fold.
To explain their observations they needed to assume that in some way the movement of one ion tended to assist other ions to travel in the same direction. an attractive hypothesis was that potassium ions are constrained to cross the membrane through channels narrow enough to oblige them to move in single file, and that there should, on average, be several ions in each channel at a given moment. For a given ion to move all the way from one side of the membrane to the other it would need to make several collisions in the same direction.
To illustrate this idea they built a simple mechanical model (figure 3). it consisted of two flat compartments that could be joined either by a short gap (as in figure 3a) or by a long one (as figure 3b) . in the left compartment they placed 100 steel balls that had been blued by heating; in the right compartment they put 50 identical steel balls that retained their original silvery colour. The individual balls could pass readily through the gap one at a time, but the restricted width of the gap prevented them from passing one another within it. The compartments were then shaken vigorously for 15 s with an electric motor, and the combination of the direction of shaking-which was at right angles to the path through the connecting gap-and the presence of a central pillar in the middle of each compartment randomized the resulting movements of the balls. with a very short gap, they expected the number of blue balls that had moved from left to right to be about twice the number of silver balls that had moved from right to left. in fact the ratio averaged at about 2.7. with a long gap the average ratio was about 18, and there were generally about three balls within the gap. This made sense, because it would require at least four collisions for a ball to pass right through the gap, and 2 4 = 16. Remarkably, in 1998, 43 years after hodgkin and Keynes's paper, declan doyle, Rod Mackinnon and their colleagues (doyle et al. 1998) published the results of experiments in which they used X-ray diffraction to analyse the molecular structure of the potassium channel from the bacterium Streptomyces lividans. The channel is an integral membrane protein with sequence similarity to all known potassium channels, particularly in the pore region. it was found to contain two fully dehydrated potassium ions at its centre, with another partly dehydrated potassium ion in a neighbouring cavity leading to a vestibule and thence to the inside of the cell. in other words, there were three potassium ions within the channel. BaBRaham, 1960-73 in 1959 Richard was elected to the Fellowship of the Royal society, and in the following year he resigned from his University Lectureship in Physiology and his Fellowship at Peterhouse to become head of Physiology and deputy director of the agricultural Research council's institute of animal Physiology at Babraham, near cambridge. he regretted having to give up his teaching fellowship at Peterhouse, and in 1961 he became a Fellow of the recently founded churchill college. here he had no teaching duties, but he became an active member of the college, later serving as chairman of its archives committee from 1975 to 1998-a period during which the college's archive centre expanded rapidly. in 1989 Peterhouse made him an honorary Fellow.
in 1965 Richard succeeded sir John Gaddum FRs as director of the institute at Babraham. his official remit was to raise the scientific standards of work at the institute, a difficult task because, although there were several members of staff who were pursuing excellent research programmes, there were some who were not and who were reluctant to change their ways. To involve himself in the physiology of farm animals, Richard worked on the mechanisms involved in the transport of ions across the rumen in sheep, or in sheep kidney tubules; but although he and his colleagues published half a dozen worthwhile papers on these topics, a paper on sex determination in cattle (17) and a general review on transport across secretory epithelia (21), he himself felt that this work was not as interesting as his work on nerves and electric organs.
in the middle and late 1960s and early 1970s, while running the institute at Babraham, and from 1965 to 1968 serving as a Vice-President of the Royal society, Richard was involved in several new lines of collaborative research. some of these involved work at Babraham, but others had to be done during the squid season at Plymouth-usually autumn to early winterleaving anne to join the distinguished group of cambridge 'squidows', and irritating the secretary of the agricultural Research council, who made the bizarre criticism that Richard was doing too much research with his own hands. One line of research that Richard was able to complete while he was at Babraham, although it had been started in collaboration with Xavier aubert in cambridge, was concerned with the temperature changes that accompany the discharge of electric organs in electric eels and catfish. Back in 1906, Julius Bernstein and armin von Tschermak had shown that an electric organ cools down during its discharge by an amount energetically equivalent to the external electrical work performed. Richard and Xavier aubert confirmed this finding, but they also discovered that the cooling accompanying the discharge is followed by a substantial opencircuit cooling when no external work is being done (18) . They wondered whether this was the result of an efflux of potassium through the innervated face of the electroplate driving the sodium pump backwards and synthesizing aTP, but there was no way of testing this hypothesis.
Richard also looked at the much smaller temperature changes that accompany the action potentials in nerve. working at Babraham, in collaboration with Murdoch Ritchie (FRs 1976), he studied the action potentials in rabbit vagus nerve fibres and found that each action potential was accompanied by warming, followed by the reabsorption of heat (16) . Because work of this kind required the greatest possible surface:volume ratio, they also went to Berne, where, together with Victor howarth and alexander von Muralt, they experimented with the very thin olfactory nerves of pike (30) . although these gave results with a time resolution good enough to resolve the temperature changes during a single nerve impulse, it gradually became clear that what was being observed related primarily to the properties of the whole membrane subjected to a changing electric field. These investigations were therefore unlikely to make a direct contribution to an understanding of the mechanisms causing the action potential.
another attractive, although later disappointing, project initiated at this time was a study of optically detectable structural changes in active nerve fibres that Richard pursued at Plymouth with Larry cohen and Bertil hille over several years (19, 20, (22) (23) (24) . Their aim was to search for changes that might be causally linked with the observed changes in the ionic permeability of nerve membranes following excitation. They began by measuring changes in light scattering and birefringence in stimulated nerves or electric organs; later (and with two more collaborators) they switched to voltage-clamped axons (25-27). however, it gradually became clear that the optically detectable changes that they observed were always secondary to the current flow within the tissue caused by excitation, and so could not throw light on the excitation process itself. dIScoveRy oF the SodIum GatInG cuRRent In SquId axonS in 1972, in collaboration with eduardo Rojas, from chile, Richard started what turned out to be a much more successful approach to investigating the mechanisms that cause the observed changes in the ionic permeability of nerve membranes following excitation.
in interpreting their voltage-clamp experiments, hodgkin and huxley had found it 'difficult to escape the conclusion' that the increase in permeability to sodium ions that followed a sudden moderate decrease in membrane potential was the result of movements of charged controlling particles in the sodium channels-movements caused by changes in the electric field. if that were true, the ionic current associated with the entry of sodium ions should be preceded not only by a brief 'capacity current' (associated with creating a potential difference across the lipid bilayer) but also by a brief small current-the so-called 'gating current'-associated with the movement of the charged controlling particles. The main difficulty in detecting gating currents is that they are very small compared with both the capacity currents and the ionic currents, and for a long time their detection seemed impossible.
in 1972, though, eduardo Rojas suggested making use of tetrodotoxin, a virulent nerve poison from the Japanese puffer fish (known as Fugu in Japan and, when prepared by licensed individuals, an expensive delicacy in Japanese restaurants), which was known to block totally the flow of sodium ions through the open sodium channels. Following this suggestion, he and Richard Keynes, in Plymouth (28, 29) , and-independently-armstrong & Bezanilla (1973), at woods hole, looked at the currents after a sudden moderate decrease in the membrane potential of squid giant axons. To minimize ionic currents as far as possible, the axons were suspended in a solution lacking both sodium and potassium, with Tris as the main cation. in some experiments the internal potassium and sodium were replaced by caesium. These arrangements greatly decreased the ionic currents, but what about the capacity current?
Because the lipid bilayer in the nerve membrane is symmetrical, the capacity current after the application of a hyperpolarizing voltage clamp pulse will be equal in magnitude but opposite in sign to the capacity current after a depolarizing pulse of the same size. By algebraically summing the two currents the capacity current can therefore be discounted. in contrast, the machinery involved in the gating of the sodium channel is unlikely to be symmetrical and the gating current will therefore not be eradicated by algebraic averaging of the effects of the hyperpolarizing and depolarizing pulses.
By using this technique of signal averaging to eliminate symmetrical components of the membrane current, what both sets of workers found was that after a depolarizing voltage clamp pulse, there was a rapid but brief outward gating current followed by a much larger inward ionic current. On repolarization at the end of the voltage clamp pulse, there was an inward gating current, which (for short pulses-that is, less than 1 ms) represented a movement of charge that was equal and opposite to the charge movement at the beginning of the pulse. The fact that the movements of charge by the gating currents at the beginning and end of the depolarizing pulse were equal and opposite fitted well with the idea that they were caused by the movements of the charged particles that were thought to open and close the sodium channels. There were also several other features that fitted well with what would be expected from equations previously published by hodgkin and huxley in 1952.
pRoFeSSoR oF phySIoloGy, 1973-86 in 1973, on the retirement of sir Bryan Matthews FRs, Richard was elected to the Professorship of Physiology in cambridge and was, he said, happy to accept an appreciable drop in salary to return to the environment where he felt he properly belonged. he continued to work on squid axons at Plymouth every autumn; but although it was widely felt that the discovery of the gating current was an important step forward, its main value was to throw light on the kinetics of the opening of the sodium channels, and in the absence of any knowledge of the molecular structure of the channels it was difficult to relate the kinetics to the behaviour of real molecules. as Richard himself said, in the autobiographical notes he left with the Royal society, 'in 1983 there was still no evidence about the molecular structure of the channels, and the ideas that i put forward in my croonian lecture [(33)] were, although elegant, rather far from the truth. ' This situation changed dramatically in 1984 when shosaku numa and his colleagues in Kyoto (see noda et al. 1984) succeeded in cloning and sequencing the cdna of the sodium channel both in the Electrophorus electric organ and the rat brain. and, as Richard put it (also in the autobiographical notes): 'a new industry was born when it turned out, not only that the sequences of the sodium channels in all nerve fibres in the animal kingdom were closely similar, but also that they could be readily expressed in Xenopus oocytes and voltage-clamped to study their electrophysiological properties. ' The work of noda et al. (1984) showed that the essential part of a sodium channel from Electrophorus electric organs consists of a single chain of 1820 amino acids, forming four homologous domains (i-iV) surrounding a central pore. each domain includes six segments (s1-s6), each segment consisting of a chain of mainly hydrophobic amino acids arranged, at least in part, as an α helix crossing the lipid bilayer. The most closely conserved parts of the structure are the S4 α helices, which contain between four and eight positively charged arginine or lysine residues always separated by a pair of non-polar (or in a few cases uncharged polar) residues. a result of this regular arrangement is that the positively charged residues form a regular spiral. segments s5 and s6 contain only non-polar amino acids, but segments s1 to s3 have some negatively charged amino acids, which may form ion pairs with the positively charged amino acids in s4. Two crucial questions were: which part of the molecule acts as a sensor, detecting changes in voltage? and how does the sensor control the state of the pore, and therefore the flow of sodium ions? a difficulty was that the voltage gate always consisted of four similar units operating in parallel, with possibly others in series, so that the gating mechanism had to be treated as a system with a multitude of possible states not readily amenable to statistical examination. pRoFeSSoR emeRItuS in 1986 Richard retired from the Professorship of Physiology, but although he gave up his laboratory in cambridge he arranged to spend four to six weeks each autumn experimenting on squid axons in the largest and oldest French marine laboratory, at Roscoff in Brittany. here he worked with a succession of colleagues-nikolaus Greeff and ian Forster from Zürich (36, 38) ; eduardo Rojas (now from Bethesda, Maryland) and V. ceña from alicante, spain (37); and hans Meves from homburg-saar (39) .
during the decade following the publication of the paper by noda et al. (1984) a great deal of work was done, not just on sodium channels but also on voltage-gated potassium and calcium channels. in 1994, Richard-now aged 74-published a 95-page review on voltagegated ion channels (40), in which he brought together evidence of three different kinds: (i) the results of recent studies of the kinetics of the ionic and gating currents in the squid and other giant axons, (ii) evidence available about the structure of the channels, and (iii) evidence from the effects of naturally occurring and artificially induced genetic mutations. in this review he discussed seven models of the gating mechanism, starting with hodgkin and huxley's paper (hodgkin & huxley 1952) and finishing with a model of his own, based on 'helical screw models' but made compatible with several complexities of channel gating revealed by his own extensive work on gating currents.
The essence of the helical screw models (which had been proposed by catterall (1986) and independently by Guy & seetharamulu (1986) ) was that at rest each of the positive charges in the regular spiral array of charges on the S4 α helix might be paired with a fixed negative charge on one of the neighbouring segments. depolarizing the membrane-that is, making the inside of the axon more positive-would produce an outward force on the positive charges of the S4 α helix, making the helix move outwards with a screw-like motion until each positive charge paired up with the next fixed negative charge. a result of this movement would be that, at each step, an unpaired positive charge would appear at the outer surface of the membrane and an unpaired negative charge would be created at the inner surface of the membrane; in effect each step would transfer a single positive charge across the membrane. if each of the four S4 α helices advanced three or more steps, the total transfer of charge could account for the gating current.
whether the notion of helical motion was right or not, it seemed clear that it was the s4 α helices in the four domains that were the voltage sensors for the gating mechanism; and it was presumably resulting changes in the four domains that opened the pathway for ions through the molecule. But precisely how that was achieved was less clear.
sadly, 1992 was the last autumn that Richard spent investigating squid axons, but this did not stop him from thinking about them. in 1998, together with Fredrik elinder from the Karolinska institute, he published an analysis of some experiments done about 10 years earlier by himself, nikolaus Greeff and ian Forster (36)-an analysis that led to some interesting results (41) .
armstrong and Gilly, working with squid giant axons, had shown previously (armstrong & Gilly 1979) that although, after small depolarizations, the gating current rose quickly and decayed smoothly, the application of large test pulses yielded records that displayed a slowly rising phase and a delayed plateau. Later these results were attributed to faults in the experimental procedure, but in 1990 Keynes, Greeff and Forster (36) confirmed the genuineness of the slowly rising phase. Further analysis of these results by Richard and elinder showed that although with small depolarizations the gating current rose quickly, with large depolarizations the gating current did not reach its peak until about 30 μs after the depolarization, and the sodium current started rising only after about 60 μs. They explained these results by postulating the occurrence of some voltage-dependent cooperativity between the s4 units of neighbouring domains, and discussed the possible physical basis of such cooperativity.
in 1998, Richard and elinder published a second paper (42) , modelling the activation, opening, inactivation and reopening of the voltage-gated sodium channel. in it they not only discussed in more detail the functioning of the four s4 voltage sensors in voltage-sensitive steps, but also considered the role of the voltage-independent hydration and dehydration that accompany the opening and closing of the sodium channels-changes in hydration that are thought to be rate-limiting because both osmotic stress and the substitution of 2 h 2 O for h 2 O slow down activation and inactivation without affecting the gating currents (see Rayner et al. 1993.) in 1999, in his 80th year, Richard, again collaborating with Fredrik elinder, published his last paper on ion channels (43) . This paper presented no new experimental results, but it collected together a vast amount of information about the amino acid sequences in voltage-gated channels selective for potassium ions, calcium ions or sodium ions, from a wide variety of sources, including jellyfish, fruitflies, squid, electric eels, rat brain and human muscles. One striking feature is that in all voltage-gated channels, the transmembrane S4 α helices in each domain have a very similar arrangement of positively charged arginine or lysine residues each separated from its neighbour by two non-polar amino acids. For the helical screw molecule to work, there must also be a suitable arrangement of fixed negatively charged amino acids (aspartic and glutamic acids) somewhere in the α helices of the three segments S1, S2 and s3, to match the pattern of positive charges in s4. although the pattern of negatively charged amino acids in these segments is less well conserved than the pattern of positively charged amino acids in s4, Richard and elinder pointed out that, despite the differences, there is a small number of fixed negative charges at well-conserved locations in s2 and s3 that could provide partners for the positive charges on s4. and they continued:
The very nearly 100% conservation of these strategically placed negative charges, and of the onein-three spacing of the positive charges carried by the s4 segments, ever since the first evolution more than 550 million years ago of voltage-gated potassium channels, followed in due course by that of the calcium and sodium channels needed for nerve conduction in primitive nervous systems (hille 1992), argues very strongly that all such channels incorporate an identical voltagegating system.
InteRnatIonal ScIence in the course of his career Richard must have collaborated with scientists from at least a dozen foreign countries, so it is not surprising that he was interested in facilitating worldwide contacts between scientists. what is surprising, given the administrative loads he carried first at Babraham and then in cambridge, is the amount of time and effort he was prepared to give to such matters.
in 1959 a. V. hill opened a conference in cambridge attended by more than 150 physicists, biophysicists and biologists. One of the matters discussed was whether there was a need for an international organization in biophysics, and the meeting was almost wholly in favour, although-as Richard noted with regret-alan hodgkin and andrew huxley were not. after a planning meeting in amsterdam in 1960, the first international Biophysical congress took place in stockholm in 1961, and the international Union for Pure and applied Biophysics (iUPaB) was created, with arne engström as President and arthur solomon as secretary-General. at the second congress, in Paris in 1964, Richard was appointed President of the commission on cell and Membrane Biophysics, and at the third, in Moscow in 1972, he succeeded arthur solomon as secretary-General of iUPaB, a post he retained for the next six years. during the subsequent six years, he was first Vice-President (1978-81) and then President (1981-84) of iUPaB, representing the organization at the meetings of the international council of scientific Unions (icsU) founded in 1931.
This led to his involvement in icsU's affairs, and after a few years he was appointed chairman of icsU's standing Finance committee, and therefore a member of their executive committee, meeting often in Paris and elsewhere. during 1978 and 1979 the members of the Biological Unions adhering to icsU, of which the then current President was the Vice chancellor of the University of Ghana, felt that the international scientific community should help the developing world to profit more from the advances in modern biology. it seemed that the best way of doing this was to form a group of autonomous international Biosciences networks modelled broadly on an existing organization (sponsored by the United nations development Programme and UnescO) for Post-Graduate Training in Biological sciencesan organization that had been operating successfully in south america since 1975. Richard was appointed chairman of a steering committee to set up the icsU/UnescO international Biosciences networks. it met in accra in 1981 for a symposium on the state of Biology in africa, and then held further meetings annually in south america, africa, asia and the arab region. From 1982 to 1993 Richard was chairman of the committee running the Biosciences networks. he wrote in his autobiographical notes:
it was always most encouraging to meet the leading scientists from the members of the four networks, and to discuss their problems, though it was unfortunate that except for the two years when icsU obtained a large grant from the United nations development Programme for the african network, we only had very limited funds for the support of their research projects.
he did point out though that the administration of the networks 'was all done by the splendidly efficient secretary-General of icsU, Julia Marton-Lefèvre'. and he was critical of the Royal society for being unwilling to increase its contribution to icsU in line with inflation in the 1980s.
JoInInG the 'daRWIn InduStRy' in 1968, Richard was on his way home from a visit to chile to discuss plans with eduardo Rojas. staying in Buenos aires, he was taken to visit dr armando Braun Menendez, who possessed a collection of drawings and paintings, many of them unpublished, made on hMs Beagle by conrad Martens, the official artist on the Beagle for nine months in 1833-34. Richard had not previously shown any special interest in his great-grandfather's famous voyage, but the collection included two of the original sketchbooks used by conrad Martens, and Richard was overwhelmed both by the quality of the pictures and 'the immediacy of their portrayal of life aboard the Beagle'. in the course of the next 11 years he produced The Beagle Record: selections from the original pictorial records and written accounts of the voyage of H.M.S. Beagle (31) . The pictorial records included not only 54 drawings or watercolours by conrad Martens, but also three engravings of watercolours by augustus earle, the original official artist, who was forced by illness to retire. and in the days before photography, four other members of the crew had produced drawings or paintings that Richard thought worth putting in the book, including an attractive drawing of Robert FitzRoy, the commander of the Beagle, by Midshipman Philip Gidley King. The written accounts were even more impressive. They included (i) extracts from darwin's 'diary'-containing fuller and more carefully written accounts than the jottings found in darwin's 18 small 'notebooks'-usually written soon after the events recorded, but sometimes necessarily delayed; (ii) extracts from darwin's 'narrative'-the official report prepared by darwin for the admiralty; (iii) all of darwin's letters to his father or his sisters, or to Professor henslow in cambridge; (iv) letters in both directions between darwin and FitzRoy, when darwin was spending long periods on land; (v) an extract from FitzRoy's diary; (vi) extracts from FitzRoy's 'narrative' for the admiralty; (vii) FitzRoy's letters-sometimes official, sometimes private-to captain Beaufort, hydrographer to the admiralty; and (viii) occasional extracts from writings by Lieutenant sullivan, Midshipman Philip Gidley King, conrad Martens, and darwin's assistant, syms covington. all this sounds horribly like a catalogue, but the book is not cataloguish at all. Richard Keynes is described as the editor, but 'editing' gives a wholly inadequate impression of his achievement. 'Produced and directed by' would give a more accurate impression, for it is the adroit way in which he has arranged both the written and pictorial components that creates a powerful picture of what life must have been like for those on the Beagle, and of the complex interactions between the main characters. we read how the same episodes were regarded by darwin and by FitzRoy, and how the view each had of the other changed with time; and we learn what complex and remarkable characters each of them had, and how each of them recognized what was admirable in the other. and, of course, we see how dedicated each was to achieving his chosen role.
By Beagle' so that they could be published. and the task was not simply to reproduce darwin's diagrams and to transcribe his notes; it also involved-and this must have been an enormous undertaking-identifying many of the organisms being discussed. The book was published in the year 2000 (44) and was appreciated sufficiently to justify the publication of a paperback version in 2005.
The Beagle Record, Charles Darwin's Beagle Diary and the Zoology Notes and Specimen Lists were all both impressive and massive, but the writing was almost entirely darwin's (or, in The Beagle Record, sometimes FitzRoy's) rather than Richard's. in his early eighties, Richard wrote-'for the general reader'-Fossils, Finches and Fuegians (45), his own account of the Beagle voyage, making full use of the pictures and the written accounts in The Beagle Record and Charles Darwin's Beagle Diary, but also adding an excellent commentary and further illustrations. These enable the reader to understand what zoological or geological problems darwin was currently concerned with, they often add interesting and relevant information about the characters involved, and they help to put events in context for the reader by linking current events with events in the past or the future. The book was published in 2002, with a paperback version in the following year.
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